Abstract-This letter proposes a very simple solution to reduce the propagation loss between two antennas/sensors on body at 2.45 GHz by utilizing a flexible conductive strip line (CSL). The performance of the CSL is comparable to that of the free-access transmission line in the work by Tran et al. in some certain cases. The transmission improvement by the CSL is verified by measurement results on a perfect electrical conductor plane, on a phantom, and on a real body more than 20 dB for non-line-of-sight scenarios. Dimension parameters of the CSL are optimized so that the highest improvement by the CSL can be achieved and it is easy to be integrated into clothes. Moreover, the specific absorption rate is satisfied when the CSL is deployed near body.
I. INTRODUCTION
O N-BODY communication has attracted researchers by its essential applications for healthcare, entertainment, or military. Transmission characteristics between antennas/sensors in on-body communication are negatively affected by human body [1] , [2] . Moreover, the propagation loss reduction between the sensors is strongly requested for low power operation. There are some solutions for this problem, such as using flexible cables, wireless connections, reception diversity [17] , or widening the ground plane size of the antennas [18] . But, these ways make the system complicated and less flexible. A more favorite way is by utilizing the subsidiary waveguides that are integrated into clothes as smart suits [3] - [8] . On-body antennas communicate with each other by coupling with these smart suits. In other words, smart suits work as low-loss channels for the antennas on body. Thus, high transmission gain is achieved. Besides, high security transmission can be obtained because wearers use personal smart suits. A comparison between these methods is given in Table I . In this letter, a conductive strip line (CSL) is proposed, as shown in Fig. 1 , to replace these waveguides. The CSL has a high flexibility by utilizing a paper substrate and a silver-ink conductive layer and an extremely simple fabrication by printing technology. It reduces the loss between on-body antennas more than 20 dB. This is comparable with the free-access transmission line in [7] and [8] .
II. COMPARISON
To emulate the transmission line in [7] and [8] , the CSL has a dimension equivalent to that of the transmission line. in width and 430 mm in length. Moreover, the material used to fabricate the CSL is also the same as that of the transmission line with the paper substrate and the silver ink. The thickness of the paper substrate is 0.18 mm with a tangent loss of τ = 0.15 and a dielectric constant of ε r = 2.8, whereas the silver ink is 9 μm in thickness with a conductivity of σ = 1.5 × 10 7 S/m. The performance of the CSL at 2.45 GHz is evaluated by calculating the transmission characteristics between the two square patch antennas (50 × 50 × 0.8 m 3 ) [8] , [16] on the perfect electrical conductor (PEC) plane (750 × 400 × 1 mm 3 ) considered as a body [8] . The EMPro software [9] is used for simulation. Three deployments of the CSL are discussed, depending on positions of the patch antennas, as shown in Fig. 2 .
To make an equivalent comparison with the transmission line, the models for simulation are also similar to those used in [7] and [8] . The distance between the antennas and the CSL is 1 mm, whereas the distance between the PEC plane and the CSL is 7 mm, which is the minimum distance that the effect of body 1536-1225 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. on the transmission line is neglected. The patch antenna with port 2 is moved along the CSL in 30 mm intervals, whereas the antenna with port 1 is fixed. The coupling between the antennas in S 21 is calculated at each distance of y 1 , which is the distance between the two antennas. Besides, the coupling between the antennas without the CSL is calculated to get the transmission improvement by the CSL. Here, the transmission improvement is the difference in S 21 in two cases: with (w/CSL) and without the CSL (w/o CSL). Simulation results are shown in Fig. 3 . The CSL has a really good performance when the antennas are placed below it as shown in Fig. 3(a) , the loss reduction is more than 20 dB for y 1 large. In the case as shown in Fig. 3(b) , the improvement by the CSL is not significant, whereas it is a little in the case as shown in Fig. 3(c) . Thus, the CSL is effective in the certain cases. In next sections, we only consider the performance of the CSL in the case as shown in Fig. 3(a) . To get how the CSL works, current distribution of the CSL is shown in Fig. 4 , where the CSL works as a microstrip line fed by the patch antennas.
III. OPTIMAL DIMENSION PARAMETERS
This section presents a process to get the optimal dimension for the CSL. We did simulations to find the optimal height of h from the antenna to the CSL, the width of W, and the length of L, respectively. The targets when optimizing the dimension of the CSL are that the loss reduction is more than 20 dB and the smaller width is the better to get the flexibility. The model is utilized for the simulations as shown in Fig. 5 . The distance between the CSL and the PEC plane is 1.2 mm, and the distance from the center of the antenna with port 1 to one end of the CSL is y 0 = 30 mm to ensure that this antenna is in the coverage of the CSL. The simulations are done on both the PEC plane and a simplified liquid phantom model [10] for a good comparison. While the PEC plane is for easy fundamental measurements, results on the phantom model are more similar to results on real bodies. The size of the phantom model is 40 × 75 × 5 cm 3 with the dielectric constant of 39.2 and the conductivity of 1.8 S/m [10] .
A. Optimal Height of h
The CSL with the equivalent dimension as the transmission line [8] is used in this section. In order to see the effect of the height of h on the transmission characteristics between the two antennas, we change this distance from 1 to 10 mm and calculate S 21 when the antennas with the port 2 are moved along the CSL. Simulation results are shown in Fig. 6 . The results on the PEC plane show that when h increases, S 21 decreases. But, the opposite trend can be seen with the results on the phantom model. The optimal value of h on the PEC plane is 1 mm, whereas it should be greater than 5 mm on the phantom model. However, the height of h should be equal or greater 
B. Optimal Width of W
The optimal width of the CSL is considered in this section. Similarly, the distance between the antennas and the PEC plane is fixed at 1.2 mm. We only change the width of the CSL from 6 (0.05λ 0 ) to 60 mm (0.5λ 0 ). The optimal height of h = 5 mm in Section III-A is applied for this consideration. Simulation results are illustrated in Fig. 7 . It can be seen in Fig. 7(a) that the effect of the width of the CSL on S 21 is not significant. When the width decreases, S 21 becomes more stable. Especially, when W = 6 mm, the deviation in S 21 is approximately zero. It is also true with simulation results on the phantom model. The results in Fig. 7(b) show that when the width increases, the performance of the CSL is reduced slightly. Thus, the optimal width of the CSL is 6 mm to obtain the highest performance, the stability of S 21 , and the high flexibility for on-body communication. 
C. Length of the CSL
The performance of the longer CSL is simulated in this section. The length of the CSL is increased one wavelength from 3.5λ 0 to 4.5λ 0 , which is long enough for practical on-body links. Simulation results are shown in Fig. 8 . A higher improvement can be achieved when the distance of y 1 is increased.
IV. MEASURED RESULTS
The performance of the CSL is confirmed by measurements in this section. First, the measurement was done on the PEC plane. Then, we tested on a phantom and a real body. The CSL with the optimal parameters of h = 5 and W = 6 mm and the length of 3.5λ 0 is used for these measurements. 
A. Measurement on the PEC Plane
The measurement on the PEC plane was carried out in two cases: w/CSL and w/o CSL when h = 1 mm. The measured results, as shown in Fig. 9 , agree well with the simulation results.
B. Measurement on a Phantom and a Real Body
The transmission improvement between the two patch antennas by the CSL at 2.45 GHz was demonstrated on an ultralight carbon upper body phantom [11] with the size of 280 × 490 × 220 mm 3 . The pictures of the propagation loss measurement between the two patch antennas are demonstrated in Fig. 10 .
Two cases were measured: line-of-sight (LOS) case and nonline-of-sight (NLOS) case. In the LOS case, the two patch antennas were in front of the phantom with the distance of 210 mm. In the NLOS case, one antenna was putted on the front side and the other was set on the back. The measured data are given in Fig. 11 and Table II . In a similar way, measurements on a real body were carried out and the results are also given in Fig. 11 and Table II . Through the measured results, the improvement by the CSL is significant, especially, for LOS case. Moreover, we can observe that the results on the phantom agree well with the results on the real body. Thus, the benefit of utilizing the CSL and its effectiveness for on-body communication was proved.
V. SPECIFIC ABSORPTION RATE (SAR)
In this section, we validate the SAR, which is an important requirement of any on-body devices for human safety. SAR is 
where σ and ρ represent the electric conductivity (S/m) and mass density (kg/m 3 ) of the medium, respectively [14] . However, for simplification, the simplified phantom model (mentioned in Section III) is used to get the maximum amplitudes of electric field (E max ) on its surface at points of y 1 . Besides, the average mass density of human body ρ = 985 kg/m 3 [13] is applied. Thus, (1) is simplified as follows:
Calculated results show that when the transmitting powers of the two patch antennas are −9.5 and −8.4 dBm, acceptable powers for on-body communication [12] , [15] , the SAR is satisfied current standards of Europe and Japan [14] , respectively.
VI. CONCLUSION
The performance of the CSL in enhancing on-body communication was confirmed. Because of an extremely simple structure, high transmission improvement, and satisfied SAR requirement, the CSL is really effective for on-body links; especially for the NLOS links, the transmission gain is more than 20 dB.
